Escherichia coli Rep helicase catalyzes the unwinding of duplex DNA in reactions that are coupled to ATP binding and hydrolysis. We have investigated the kinetic mechanism of ATP binding and hydrolysis by a proposed intermediate in Rep-catalyzed DNA unwinding, the Rep``P 2 S'' dimer (formed with the single-stranded (ss) oligodeoxynucleotide, (dT) 16 ), in which only one subunit of a Rep homo-dimer is bound to ssDNA. Pre-steady-state quenched-¯ow studies under both single turnover and multiple turnover conditions as well as¯uorescence stopped-¯ow studies were used (4 C, pH 7.5, 6 mM NaCl, 5 mM MgCl 2 , 10 % (v/v) glycerol). Although steady-state studies indicate that a single ATPase site dominates the kinetics (k cat 17(AE2) s À1 ; K M 3 mM), pre-steady-state studies provide evidence for a two-ATP site mechanism in which both sites of the dimer are catalytically active and communicate allosterically. Single turnover ATPase studies indicate that ATP hydrolysis does not require the simultaneous binding of two ATP molecules, and under these conditions release of product (ADP-P i ) is preceded by a slow rate-limiting isomerization ($0.2 s
À1
). However, product (ADP or P i ) release is not rate-limiting under multiple turnover conditions, indicating the involvement of a second ATP site under conditions of excess ATP. Stopped-¯ow¯uorescence studies monitoring ATP-induced changes in Rep's tryptophan¯uorescence displayed biphasic time courses. The binding of the ®rst ATP occurs by a two-step mechanism in which binding (k 1 1.5(AE0.2) Â 10 7 M À1 s À1 , k À1 29(AE2) s
) is followed by a protein conformational change (k 2 23(AE3) s À1 ), monitored by an enhancement of Trp¯uorescence. The second Trp¯uorescence quenching phase is associated with binding of a second ATP. The ®rst ATP appears to bind to the DNA-free subunit and hydrolysis induces a global conformational change to form a high energy intermediate state with tightly bound (ADP-P i ). Binding of the second ATP then leads to the steady-state ATP cycle. As proposed previously, the role of steady-state ATP hydrolysis by the DNA-bound Rep subunit may be to maintain the DNA-free subunit in an activated state in preparation for binding a second fragment of DNA as needed for translocation and/or DNA unwinding. We propose that the roles of the two ATP sites may alternate upon binding DNA to the second subunit of the Rep dimer during unwinding and translocation using a subunit switching mechanism.
Introduction DNA helicases are enzymes that unwind duplex DNA to form the transient single-stranded (ss) DNA intermediates required for DNA replication, recombination and repair in reactions that are coupled to nucleoside triphosphate binding and hydrolysis Matson & Kaiser-Rogers, 1990; Matson et al., 1994) . These DNA motor proteins (Moore & Lohman, 1995; Lohman et al., 1998) are also components of eukaryotic transcription complexes (Sancar, 1996) and the defective gene resulting in Werner's syndrome, a human aging disorder, also encodes an enzyme with DNA helicase activity (Suzuki et al., 1997; Gray et al., 1997) . Although a large number of helicases have been identi®ed and characterized, mechanistic information on DNA unwinding and ATP hydrolysis has been obtained for only a few DNA helicases (Amaratunga & Lohman, 1993; Bjornson et al., 1994; Ali & Lohman, 1997; Hingorani et al., 1997; Jezewska et al., 1998a,b ; for a review, see . Most helicases that have been examined have generally been found to function as oligomeric complexes, usually dimers or hexamers; these complexes are believed to provide the functional enzyme with multiple DNA and nucleotide binding sites (Lohman, 1992 . DNA helicases have been classi®ed into different superfamilies based on the presence of conserved primary structures (so called helicase motifs; Gorbalenya & Koonin, 1993) , with the SF1 or SF2 superfamilies containing the largest number of examples. Interestingly, no hexameric helicases identi®ed to date are members of these two superfamilies.
The Escherichia coli Rep helicase, one of the ®rst DNA helicases identi®ed (Lane & Denhardt, 1974 , 1975 Scott et al., 1977; Yarranton & Gefter, 1979) , has been studied extensively in terms of its mechanism of DNA binding and DNA unwinding (reviewed by . E. coli Rep is a member of the SF1 superfamily (Gorbalenya & Koonin, 1993) and, although it is a monomer (M r 76,400) in the absence of DNA, it dimerizes upon binding either ss or doublestranded (ds) DNA (Chao & Lohman, 1991; , and the Rep homo-dimer appears to be the functional form of the helicase Amaratunga & Lohman, 1993; Bjornson et al., 1994 Bjornson et al., , 1996b . Each subunit of the Rep dimer can bind either ss-or dsDNA competitively . However, DNA binding to the second subunit occurs with negative cooperativity, i.e. the af®nity of DNA for the second subunit is signi®-cantly lower than for the ®rst subunit . Importantly, this negative cooperativity for DNA binding is modulated allosterically by nucleotide binding . In the absence of nucleotide, a Rep dimer is favored in which one subunit is bound to ssDNA, whereas the other subunit is free (a P 2 S dimer). However, ADP promotes binding of ssDNA to both subunits of the Rep dimer (P 2 S 2 dimer). Finally, binding of AMPP(NH)P, a non-hydrolyzable ATP analogue, favors simultaneous binding of both ss-and dsDNA (D) to the dimer, one to each subunit to form a P 2 SD dimer. Based on these observations, an active, rolling model for DNA unwinding has been proposed in which ATP binding, hydrolysis, and release, cycles the Rep dimer through a series of conformational states which differ in the relative af®nity of the second subunit of the Rep dimer for ss-versus dsDNA . In this model the Rep dimer is proposed to translocate along the DNA by a subunit switching mechanism, and duplex DNA is actively unwound when one subunit of the Rep dimer is bound to the duplex region ahead of the ss-/dsDNA junction. Aspects of this model are supported by the results of presteady-state kinetic studies of DNA unwinding (Amaratunga & Lohman, 1993; Bjornson et al., 1994) . The role of a Rep dimer in the subunit switching mechanism is also supported by kinetic studies showing that ssDNA binding to the unligated subunit of a P 2 S Rep dimer increases the rate of dissociation of ssDNA from the ®rst subunit (Bjornson et al., 1996a) and that ATP hydrolysis further stimulates this DNA exchange reaction (Bjornson et al., 1996b) . Although these data are consistent with an active, rolling mechanism in which each Rep subunit alternates as the leading subunit , they are also consistent with a dimeric inch-worm model in which the same subunit of Rep remains as the leading subunit.
Crystal structures of the Rep protein complexed with ssDNA and ADP have recently been solved (Korolev et al., 1997) . The Rep monomer structure is quite similar to that of the Bacillus stearothermophilus PcrA helicase (Subramanya et al., 1996) . The monomer is composed of two domains, each possessing a sub-domain, with ssDNA bound in a cleft formed between the domains. The structures indicate that six of the seven conserved helicase motifs (Gorbalenya & Koonin, 1993) are directly involved in either nucleotide binding (I, II, IV) or DNA binding (Ia, III, V), whereas motif VI is likely involved in communication between these two sites. Interestingly, two dramatically different conformations of the Rep protein are observed within the asymmetric unit of the crystal. These differ by the relative orientation of one sub-domain (2B) with respect to the other three sub-domains, such that the 2B domain has rotated by $130 about a hinge region (Korolev et al., 1997) . Furthermore, ssDNA binding increases the accessibility of residues within the hinge region to cleavage by trypsin (Chao & Lohman, 1990) , suggesting that movement about this hinge is functionally signi®cant.
An understanding of the mechanism of helicasecatalyzed DNA unwinding requires studies of the kinetic mechanism of ATP binding and hydrolysis. We have previously shown that the steady-state ATPase activity of Rep is dramatically dependent upon both its oligomeric and DNA ligation states (Moore & Lohman, 1994a; . Under our standard conditions (buffer A; 20 mM Tris-HCl (pH 7.5) at 4 C, 6 mM NaCl, 5 mM MgCl 2 , 10 % (v/v) glycerol), the k cat value for ATP turnover increases from 0.002 s À1 for Rep monomer, P, to 2 s À1 for Rep monomer bound to ssDNA (PS PS*), to 16-18 s À1 for the half-ligated P 2 S dimer, to 68-70 s À1 for the double ligated P 2 S 2 dimer. The greatest stimulation ($1000-fold) comes upon binding ssDNA; however, dimerization and the DNA ligation state of the dimer also in¯uence k cat . Both the P 2 S and P 2 S 2 dimers are proposed intermediates along the pathway for DNA unwinding , thus it is necessary to determine the kinetic mechanism of ATP binding and hydrolysis by these intermediates. As a prelude to these studies, we have examined the kinetic mechanism of ATP binding and hydrolysis by the Rep monomer, P (in the absence of DNA; Moore & Lohman, 1994a,b) . Each Rep monomer binds a single ATP by a two-step mechanism, followed by a slow rate-limiting cleavage of ATP and rapid release of products (ADP and P i ).
The presence of two potential ATPase sites within dimeric Rep-DNA complexes leads to multiple potential pathways for ATP hydrolysis, the simplest involving only a single active site within the dimer. For more complex scenarios involving two active ATPase sites, the pathway of ATP hydrolysis will depend on how these activities are temporally coupled during ATP turnover (Moore & Lohman, 1995) . Recently, Wong & Lohman (1997) investigated the ATPase activities of each site within P 2 S dimers which have (dT) 16 crosslinked to one subunit and the stable transition state analogue, Mg 2 -ADP-AlF 4 , bound to either the DNA-ligated or DNA-free subunit. These studies demonstrated that the ATPase activity of the complex with Mg 2 -ADP-AlF 4 bound to the DNA-free subunit was identical with the wild-type P 2 S dimer ATPase activity (18 s À1 ). In contrast, when the ATPase site within the DNA-bound subunit was speci®cally inhibited, a rapid single turnover burst of ATP hydrolysis (22 s
) was followed by a slow ($1 s
) steady-state ATPase rate. These results clearly demonstrate that both ATP sites are catalytic, but that a functional asymmetry exists in their ATPase activities. However, it is dif®cult to know how these results relate to the ATPase activities of the two potential ATP sites within an uninhibited wild-type Rep P 2 S dimer.
Here, we report steady-state, pre-steady-state multiple and single turnover ATPase studies and stopped-¯ow¯uorescence kinetic studies designed to investigate the kinetic mechanism of ATP binding and hydrolysis by the Rep dimer species, P 2 S, which we have formed using a short ss oligodeoxynucleotide (dT) 16 . These studies investigate whether there is evidence for two kinetically distinct classes of ATPase sites within the wild-type P 2 S Rep dimer and how these activities are coupled. The results suggest a minimal two ATP site mechanism in which the ®rst ATP is bound and hydrolyzed to form a high energy intermediate in which ADP and P i remain tightly bound, which in turn activates the second ATP site which is responsible for the steady-state turnover of ATP. Therefore, the two ATPase sites of the dimer communicate allosterically, consistent with the results presented by Wong & Lohman (1997) . These results likely relate to the subunit switching mechanism proposed to be involved in Rep helicase translocation and DNA unwinding Bjornson et al., 1996b) .
Results
The results presented here on the binding and hydrolysis of ATP by the wild-type Rep P 2 S dimer (bound to (dT) 16 ) can be described by the two ATP site mechanism shown in Scheme 1, although complete identi®cation of all intermediates and rate constants has not been achieved. In Scheme 1, the P 2 S dimer containing two potential ATP binding sites is designated ( S 0 E), where the subscript S represents the ATP site on the Rep subunit bound to ssDNA, and the superscript 0 represents the ATP site on the DNA-free Rep subunit. The mechanism consists of three parts designated A, B and C.
Scheme 1.
A Two-site Mechanism for ATP Binding and Hydrolysis by a Rep Helicase Dimer Pathway A re¯ects the binding, hydrolysis and turnover of the ®rst ATP bound. Pathway B describes the steady-state hydrolysis of ATP. Part C re¯ects the binding of the second ATP, which precedes entry into the steady-state pathway.
Pathway A describes the steps associated with binding and hydrolysis of the ®rst ATP, in the absence of binding a second ATP, i.e. under single turnover conditions ([P 2 S]4[ATP]). In step 1, the ®rst ATP binds to a high af®nity site, which we believe is on the DNA-free (0) subunit, which induces a global conformational change in the Rep dimer (step 2), followed by ATP hydrolysis (step 3) to form an ADP-P i complex, ( S 0 E D-Pi )*. In the absence of a second ATP, this intermediate isomerizes slowly via step 12 to form ( S 0 E D-Pi ), followed by dissociation of P i and ADP to reform S 0 E. In the presence of excess ATP, a second ATP can bind to the DNA-bound subunit of the dimer, which then hydrolyzes the ATP leading to activation of steady-state ATP turnover (k cat 17(AE2) s À1 , K M 3.0(AE0.4) mM) using the ATPase site within the DNA-bound subunit, while ADP-P i remains bound to the DNA free subunit. As we discuss below, we are least certain of the steps involved in this part of the mechanism (part C) and to which intermediate the second ATP binds. Based on our current information, we propose that the second ATP binds to the intermediate ( S 0 E D-Pi )* in a two-step process involving a conformational change and hydrolyzes ATP to form the intermediate, ( S 0 D-Pi D-Pi )**, which leads into the steadystate ATPase pathway B. After exhaustion of the ATP pool, relaxation out of pathway B into pathway A is limited by a step (or steps) with a net rate that is slow (42 s À1 ). In this mechanism both ATPase sites are catalytic and communicate allosterically, such that activation of the steady-state ATPase of the P 2 S dimer is preceded by the binding and hydrolysis of ATP by the DNA-free subunit. This minimal mechanism was inferred from the results of pre-steady-state stopped-¯ow¯uor-escence experiments, pre-steady-state multiple turnover and single turnover ATPase experiments, as well as steady-state ATPase experiments. The data upon which this mechanism is based and the implications of this mechanism for how ATP binding and hydrolysis may be coupled to DNA unwinding and helicase translocation are discussed below (see Discussion). . Furthermore, under our conditions, ssDNA (dT) 16 binds tightly to one subunit of the Rep dimer (55 Â 10 13 M À1 ) with an upper limit of 45 Â 10 À5 s À1 for the rate constant for direct dissociation of (dT) 16 from P 2 S (Bjornson et al., 1996a) . Even continuous ATP hydrolysis does not affect the stability of the P 2 S dimer Bjornson et al., 1996b) . Therefore, the P 2 S dimer remains intact throughout the course of the experiments discussed here.
Steady
The majority of the steady-state ATPase studies reported here were performed using 500 nM Rep monomer in excess over 3-100 nM (dT) 16 , conditions under which only free Rep monomer, P, and P 2 S Rep dimer are formed at equilibrium (Bjornson et al., 1996a; . Although [P] 5 [P s S] under these conditions, the ATPase activity of P is $10 4 -fold lower than that of P 2 S, thus the observed ATPase is dominated by P 2 S. Consequently, the initial rate of ATP hydrolysis, v O , catalyzed by 500 nM Rep at 1 mM ATP increases linearly with [(dT) 16 ] as shown in Figure 1 . Furthermore, at a ®xed [(dT) (Zimmerle & Frieden, 1989) , the full time courses of ADP production are well described by a minimal one ATP site mechanism, indicating that a single class of ATPase site dominates the observed ATPase activity of the P 2 S dimer (data not shown).
We next examined inhibition of the steady-state ATPase of P 2 S by ADP and ATPgS. For an ATP competitive inhibitor, I (ADP or ATPgS), the observed rate, v O , is described by equation (1):
where K i is the inhibition constant. Figure 2 shows that addition of 2.8 mM ATPgS to 20 nM P 2 S increased the apparent Michaelis constant, K M,app , from 3 mM to 75(AE5) mM while V max was unchanged. From a non-linear least-squares ®t of these data to equation (1), we obtain K i,ATPgS 0.11(AE0.03) mM. From the equivalent experiments with ADP shown in Figure 2 , we estimate K i,ADP 35(AE5) mM at ®xed [ADP] (200 mM). Analysis of the full time courses for ATP hydrolysis in the presence of ADP or ATPgS using FITSIM (Zimmerle & Frieden, 1989 ) and a single ATP site mechanism yields K i,ATPgS 0.13(AE0.04) mM and K i,ADP 43(AE5) mM (data not shown).
The rate constants for the individual elementary steps cannot be determined from steady-state experiments, since these only provide information on k cat . Nevertheless, the good ®t of the entire set of steady-state data to a single ATP site mechanism over a wide range of ATP concentrations at both 4 C and 25 C suggests that the steady-state ATPase activity of P 2 S is dominated by the activity of one class of nucleotide binding site, which we attribute to species ( S 0 D-Pi )**, in pathway B (Scheme 1).
Pre-steady-state multiple turnover and single turnover kinetics of ATP hydrolysis by P 2 S As discussed above, the steady-state ATPase results can be described by a mechanism in which a single class of ATPase site dominates the steadystate ATPase activity of the Rep P 2 S dimer. We therefore investigated whether there was evidence for a more complex mechanism in the pre-steadystate time regime using rapid chemical quenchedow and stopped-¯ow¯uorescence techniques. Pre-steady-state multiple ATP turnover experiments were performed ®rst. When 0.5 mM P 2 S in buffer A was mixed with ATP (0.25-10 mM) in the quenched-¯ow apparatus, a rapid but monophasic time course of ATP hydrolysis was observed with no evidence for a signi®cant burst or lag in ADP production ( Figure 3 ). The apparent K M 
Buffer A: 20 mM Tris-HCl (pH 7.5), 6 mM NaCl, 5 mM MgCl 2 , 10 % (v/v) glycerol. Titrated to pH 7.5 at either 4 C or 25 C as indicated.
(3.7(AE0.5) mM) and k cat (20(AE2) s À1 ) estimated from the initial rates of ATP hydrolysis in these experiments are comparable to those obtained previously, although the k cat is slightly larger than the value of 16.5 s À1 measured in the steady-state experiments (Table 1 ). The simplest interpretation of these data is that the release of either product, ADP and/or P i , is not rate limiting for ATP turnover, at least under conditions of excess ATP (however, see below). This result also argues against a mechanism in which the rate of hydrolysis of the ®rst ATP occurs at a signi®cantly (%®vefold) different rate than subsequent ATP turnovers, since this would lead to either burst or lag kinetics prior to the attainment of the steady state (16.5 s À1 ). We next investigated the kinetics of ATP hydrolysis under single turnover conditions (i.e. [P 2 S]4[ATP]). Under these conditions, the thermodynamically preferred enzyme-substrate species is the P 2 S dimer with one ATP bound, i.e. P 2 S-ATP. Therefore, these experiments probe the kinetics of the binding and hydrolysis of the ®rst ATP bound. Along with mechanistic information, these experiments can provide information on whether both subunits of the P 2 S Rep dimer must bind ATP as an absolute requirement for hydrolysis of the ®rst ATP. Upon rapid mixing of ATP (2-100 nM) with a large molar excess of P 2 S dimer (250 nM), followed by quenching of the reaction at different times by the addition of HCl in a quenched-¯ow experiment, a rapid exponential hydrolysis of ATP occurred with an observed rate constant, k obs 1.6 (AE0.1) s À1 , which was independent of [ATP] (2-100 nM; Figure 4 (a)). These results are consistent with any mechanism that allows ATP hydrolysis following the binding of the ®rst molecule of ATP. Simulations indicate that these data also eliminate any mechanism in which the binding of ATP to both sites in the P 2 S Rep dimer in an absolute Figure 3 . Pre-steady-state multiple turnover kinetics of ATP hydrolysis by the Rep P 2 S dimer. Chemical quenched-¯ow studies were performed in buffer A at 4 C by mixing the Rep P 2 S dimer (0.5 mM formed with 1 mM Rep monomer and 0.5 mM dT(pT) 15 ) with excess ATP (0.25-10 mM), followed by quenching with 1 M HCl at the indicated times, and analysis for ADP formation as described in Materials and Methods. The time courses show a rapid, but monophasic, hydrolysis of ATP, with no evidence for a burst of ADP production. The continuous lines are the best ®ts of each time course to a single exponential function. C using chemical quenched-¯ow techniques with an acid quench (1 M HCl). These data were globally analyzed using the numerical analysis software FITSIM to obtain the kinetic constants for steps 1 and 2 for the mechanism in Scheme 2. The continuous lines overlaying the data are the simulated kinetic time courses for ATP hydrolysis by P 2 S dimers based on Scheme 2 and the rate constants obtained from the global analysis, where requirement for ATP hydrolysis, since the rate of ATP hydrolysis under single turnover conditions would be extremely slow for such a requirement and the exponential rate would show a greater than ®rst order dependence on [ATP] (data not shown). These qualitative conclusions are independent of the absolute and relative values assumed for the binding and/or rate constants in the simulations provided that the binding of ATP to both sites in the dimer is an absolute pre-requisite for ATP hydrolysis. We emphasize that these results do not rule out the possibility of a Rep dimer with two bound ATP molecules, rather they rule out that such a species is required for ATP hydrolysis.
In single turnover ATPase experiments performed at a ®xed [ATP] (2 nM), the rates of ADP production follow single exponential time courses (Figure 4(b) ) and the observed rate constant for ADP formation, k obs , increases with [P 2 S] (Figure 4(c) ). At saturating [P 2 S], k obs is predicted to reach a plateau rate, k max , governed by those steps preceding product release. However, as shown in Figure 4 (c), at low [P 2 S] (when [P 2 S] < K app ), k obs increases nearly linearly with [P 2 S] with a slope de®ning the ratio k max / K app 5.4(AE0.05) Â 10 6 M À1 s
À1
. This value is similar to the value of
determined from the steady-state experiments ( Table 1) , suggesting that the rates of ATP hydrolysis for the ®rst ATP and steady-state turnover of ATP are comparable. A lower limit for K app % 1 mM, describing the binding of P 2 S to ATP during the ®rst turnover, can be estimated from these data based on the near linear dependence of k obs on [P 2 S] observed in Figure 4 (c) up to 0.75 mM P 2 S. We have analyzed these single turnover experiments using the non-linear least-squares analysis program FITSIM (Zimmerle & Frieden, 1989 ) to obtain estimates of the bimolecular association rate constant, k 1 , and dissociation rate constant, k À1 , for the binding of the ®rst ATP to the P 2 S complex. These data were ®t to only the ®rst three steps of Scheme 2, since the steps after hydrolysis (steps 12, 13 and 14) are not detectable in a single turnover experiment. Scheme 2 includes a conformational change (step 2, with k 2 23 s À1 , k À2 0.4 s À1 ) identi®ed from stopped-¯ow¯uorescence experiments monitoring protein tryptophan¯uorescence (see below). The FITSIM analysis, constraining
, based on the¯uor-escence stopped-¯ow results, yields k 1 1.5 (AE0.2) Â 10 7 M À1 s À1 and k À1 29(AE2) s À1 . The FITSIM curves are overlaid on the data in Figure 4 (a) and (b) and are indistinguishable from single exponential ®ts to the data. Analysis of the single turnover experiments provides little information on k À2 and the hydrolysis rate, k 3 , except that k 3 4k À2 . However, we estimate that ATP hydrolysis is very fast, with a lower limit of k 3 > 200 s À1 based on the fact that no lag is observed in the formation of ADP in the pre-steady-state single turnover experiments. Therefore, k 3 must be at least tenfold greater than k 2 23 s À1
. A similar lower limit for ATP hydrolysis was obtained by Wong & Lohman (1997) .
According to Scheme 2, the observed rate constant for ADP production, k obs , should equal the net rate of formation of ( S 0 E 
For the experiments in Figure 4 (a) ([P 2 S] 250 nM), the rate constants in Table 2 predict k obs 1.66 s
, independent of [ATP], which agrees well with the observed value of 1.6(AE0.1) s À1 . The above expression for k obs also accounts quantitatively for the results given in Figure 4 (b).
Single turnover stopped-flow studies of mantATP binding to and turnover by the P 2 S dimer
We next performed stopped-¯ow experiments using the¯uorescent N-methylanthraniloyl-(mant)-derivative of ATP (Hiratsuka, 1983) under single turnover conditions ([P 2 S]4[ATP]) to probe the steps occurring after hydrolysis of the ®rst ATP bound to the P 2 S dimer, but preceding product (ADP, P i ) release (see Scheme 2). We have shown previously that the binding of the mant nucleotide derivatives to the Rep monomer (P) can be monitored directly by changes in mant¯uorescence (Moore & Lohman, 1994a,b) . Mant nucleotides are good analogues of the parent nucleotides, since the kinetics and thermodynamics of nucleotide binding to the Rep monomer are very similar to the parent nucleotides, showing typical differences of <three-fold (Moore & Lohman, 1994a,b) . MantATP also supports Rep-catalyzed duplex DNA unwinding with rates similar to those observed with ATP ; data not shown). The steadystate parameters for the hydrolysis of mantATP by the P 2 S Rep dimer (k cat 4.5(AE0.6) s
) are only slightly different than the equivalent parameters for ATP hydrolysis (Table 1) .
In these experiments we monitored mant¯uor-escence directly (l ex 360 nm, l em > 420 nm), rather than energy transfer from Trp to mant as described below for mantADP binding, in order to avoid interference from the ATP-induced Trp¯u-orescence changes described below. Upon mixing an excess of P 2 S (150 nM) with mantATP (25-125 nM) in the stopped-¯ow chamber, we observe a complex series of time courses consisting of a Scheme 2.
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[mantATP]-dependent biphasic increase in mant uorescence followed by an exponential decrease in mant¯uorescence (Figure 5(a) ). Based on experiments performed under conditions of excess mantATP (data not shown), the ®rst two phases re¯ect the binding and isomerization steps discussed above (steps 1 and 2 in Scheme 2), the second step also being observable by monitoring changes in Trp¯uorescence (see below). The rate constants determined from the excess mantATP experiments for these ®rst two steps are k 1 2.8
À1 (data not shown). The third phase, associated with mant¯uorescence quenching, occurred with a rate constant of k obs 0.2 (AE0.05) s
À1
and was independent of both [mantATP] (Figure 5 (b)) and [P 2 S] (at 50 nM mantATP and 100-250 nM P 2 S; data not shown). When the same single turnover experiments are performed using ATP, a similar biphasic time course is observed when Rep Trp¯uorescence is monitored; however, in this case, the slow phase, associated with Trp¯uorescence quenching, occurs at a rate of $0.4 s À1 independent of [ATP] (data not shown). When these experiments are performed with the slowly hydrolyzable analogue, ATPgS, the second slow phase is not observed, indicating that this phase occurs after hydrolysis. Therefore, these experiments indicate that a slow isomerization step occurs within the single ATP turnover pathway (pathway A in Scheme 1) following hydrolysis of the ®rst bound ATP and preceding release of ADP and/or P i . This step is much slower than the rate constant for mantADP dissociation (100 s À1 ; see below). Thus, we assign it to a conformational change (of the ( S 0 E D-Pi )* intermediate) that precedes release of ADP and P i (step 12 in Scheme 2).
The most signi®cant result of these studies is the fact that the rate of this conformational change (step 12 in pathway A) is much slower than the steady-state rate of hydrolysis of either mantATP (4.5 s
) or ATP (16-18 s À1 ). If only the single ATPase site monitored in the single turnover experiments were active on the P 2 S dimer, then the steady-state rate of ATP turnover would be limited by this slow step (0.2-0.4 s À1 ). Furthermore, a clear burst of ADP production would be observed in a pre-steady-state multiple ATP turnover experiment (conditions of [ATP]4[P 2 S]); however, no burst of ADP production is observed in such an experiment (see Figure 3) . Therefore, the ATPase mechanism Table 2 . Kinetic rate constants for the interactions of ATP with the DNA-free (O) and DNA-bound (S) sites of the Rep P 2 S dimer
Step in Scheme 1
Rate and equilibrium constants Experimental basis for the P 2 S dimer must be more complex than pathway A. We infer from these results that binding of a second ATP must precede entry of the P 2 S dimer into its high rate of steady-state ATPase.
Stopped-flow fluorescence studies of ATP interactions with the P 2 S Rep dimer monitored by changes in Rep tryptophan fluorescence
We next examined the kinetics of the interaction of P 2 S with ATP by stopped-¯ow techniques, monitoring changes in Rep's intrinsic tryptophan uorescence under conditions identical to those used in the pre-steady-state multiple turnover ATPase experiments ([ATP]4[P 2 S]). When P 2 S dimer (0.5 mM) is mixed with excess ATP in the stopped-¯ow (buffer A, 4 C), a complex series of tryptophan¯uorescence changes are observed (l ex 290 nm, l em > 320 nm). This is in stark contrast to results obtained for the Rep monomer (in the absence of DNA) in which case Rep's Trp¯u-orescence is not affected upon addition of either ATP or ADP (Moore & Lohman, 1994b) . On the pre-steady-state time-scale (<0.5 second), the mixing of excess ATP with P 2 S (i.e. under pseudo®rst-order conditions) is characterized by biphasic Trp¯uorescence kinetics, with an initial increase in protein¯uorescence (ÁF 1 % 15 %) followed by a decrease (ÁF 2 % 10 %; Figure 6 The fact that both k obs,1 and k obs,2 are dependent upon [ATP] indicate that each phase is coupled to an ATP binding step. However, neither phase can be monitoring directly the bimolecular ATP binding step, since both k obs,1 and k obs,2 display hyperbolic, rather than linear, dependences on [ATP] . Therefore, the Trp¯uorescence changes must monitor conformational changes/isomerizations of P 2 S-nucleotide complexes that occur after the ATP binding steps. Consistent with this interpretation, at short mixing times (45 ms), the Trp¯uor-escence intensity of P 2 S is identical in the presence or absence of saturating [ATP] (100 mM, data not shown) indicating that the initial bimolecular step (Scheme 1, step 1) does not result in any changes in Trp¯uorescence intensity. The fact that the [ATP] dependences of k obs,1 and k obs,2 differ quantitatively and that the ratio k obs,1 /k obs,2 is dependent upon [ATP] , suggests that each phase is sensitive to separate ATP binding events, providing some evidence for two ATP sites on P 2 S. In support of this, in an extensive series of simulations of single site ATP mechanisms using KINSIM (Barshop et al., 1983) , we have always obtained k obs,1 and k obs,2 with the same K 1/2 values for their [ATP] dependences and that the ratio k obs,1 /k obs,2 is independent of [ATP] . However, a two-site ATP mechanism is able to qualitatively reproduce the results observed in Figure 6 (see Scheme 3 and discussion below). . Stopped-¯ow mixing of Rep P 2 S dimer with mantATP shows evidence for isomerization of the P 2 S-mantADP complex preceding mantADP release. (a) The 150 nM sample of Rep-P 2 S dimer was mixed with mantATP (25-400 nM as indicated) in a stoppedow apparatus and the¯uorescence intensity of the mant group (l ex 360 nm, l em > 420 nm) was monitored (buffer A, 4 C). The smooth curves superimposed on each time course are the best ®ts to the sum of three exponentials with rate constant k obs,1 , k obs,2 and k obs,3 . The ®rst two exponential phases described a biphasic uorescence enhancement resulting from mantATP binding and a subsequent isomerization (steps 1 and 2 in Scheme 1, respectively). The third phase, associated with mant¯uorescence quenching re¯ects a slow isomerization preceding mantADP release. We next performed similar stopped-¯ow experiments with the ATP analogue, ATPgS, which is hydrolyzed suf®ciently slowly by the P 2 S dimer (k cat 0.035 s À1 under these conditions) such that hydrolysis does not occur during the observed¯u-orescence changes. Upon mixing Rep P 2 S with ATPgS, only a single exponential increase in Rep Trp¯uorescence was observed (Figure 7(a) (Figure 7(b) ) comparable to the plateau value of k obs,1 23 (AE2) s À1 observed for the equivalent process with ATP. This indicates that the transient increase in Rep Trp¯uorescence monitors a conformational change in a P 2 S-ATP complex which occurs prior to ATP hydrolysis. We have assigned this conformational change as step 2 in Schemes 1 and 2 (k 2 23 s À1 ), to yield the intermediate designated
The fact that ATPgS does not elicit the second slower phase associated with a decrease in Trp¯u-orescence indicates that this second phase is associated with or occurs after cleavage of the ®rst ATP bound within the ( S 0 E ÀT )* complex. However, based on the different [ATP] dependences of k obs,1 and k obs,2 , the Trp¯uorescence quenching phase must occur after the binding of a second molecule of ATP. Furthermore, the conformational change associated with Trp¯uorescence quenching must also occur after hydrolysis of at least the ®rst ATP since it is not observed with ATPgS. A minimum mechanism for the binding and hydrolysis of the ®rst two ATPs, based on the stopped-¯ow Trp¯u-orescence experiments, is shown in Scheme 3. In order to account quantitatively for the dependence of k obs,2 on [ATP], we found it necessary to incorporate an additional conformational change in Scheme 3 (step 5) after binding of the second ATP. C, P 2 S dimer (0.5 mM) was rapidly mixed with ATP (0.5-500 mM) in a stopped-¯ow apparatus and the intrinsic protein tryptophan¯uorescence (l ex 290 nM, l em > 320 nm) was monitored. Time courses for 2, 3, 5 and 7 mM ATP are shown as indicated. The smooth curves superimposed on each time course are the best ®ts to the sum of two exponentials, with observed rate constant, k obs,1 and k obs,2 . In Scheme 3, we have assigned the Trp quenching phase to steps 5 and 6, with a net rate constant of k obs,2 k 5 k 6 /(k 6 k À5 ) 16 s À1 (at saturating [ATP]). Although we have indicated in Scheme 3 that step 6 is associated with hydrolysis of the second ATP, it is also possible that ATP hydrolysis occurs after this step. Furthermore, we can not rule out the possibility that a second ATP can bind to intermediate ( S 0 E ÀT )*, before hydrolysis of the ®rst ATP. In fact, it may be necessary to consider such an intermediate, since we are not able to describe quantitatively the time course for ATP hydrolysis under multiple turnover conditions (see below). However, as indicated by the single turnover ATPase experiments, simultaneous binding of two ATP molecules is not required for hydrolysis of the ®rst ATP.
Scheme 3 predicts that k obs,1 , associated with the Trp¯uorescence increase, increases hyperbolically with [ATP] (Johnson, 1992 ), which we approximate by equation (2), where (Figure 6 (b)), with K 1/2 13(AE 1) mM. From equation (2) we estimate a value of k À2 $ 2 s À1 for ATP, although since the rate constant for ATP hydrolysis, k 3 (>200 s À1 ), appears to be much more rapid than k À2 (see below), the approximation used in equation (2) only allows us to conclude that k À2 4 2 s À1 . However, analysis of the hyperbolic dependence of k obs on [ATPgS], for which equation (2) should be applicable, since k 3 (for ATPgS hydrolysis) is slow compared to k À2 , indicates that k À2 0.4(AE0.1) s
. As discussed below, Scheme 3 also predicts a hyperbolic dependence on [ATP] for the observed rate constant for the second phase, k obs,2 , associated with the Trp uorescence quenching. A detailed analysis of the stopped-¯ow Trp¯u-orescence kinetic time courses observed upon mixing ATP with P 2 S is dif®cult, since the individual uorescence intensities of each of the intermediate species in Scheme 3 are not known. However, we attempted this using estimates of the¯uorescence intensities that provide the best ®ts to the data in order to see if this provided any new mechanistic constraints or insights. As shown for the time course obtained at 200 mM ATP in Figure 8 (a), when k 2 and k À2 are constrained to have values of 22 s À1 and 0.4 s À1 , respectively, the experimentally observed biphasic Trp¯uorescence change can be simulated using Scheme 3 with appropriate assignment of Trp¯uorescence intensities (indicated in Scheme 3). However, agreement between the experimental and simulated time course could only be obtained if k slow in Scheme 3 were constrained to be relatively slow (42 s À1 ), where k slow represents the net rate constant for depletion of the ( S 0 D-Pi D-Pi )** complex. As k slow is allowed to increase, (2) ). Therefore, these Trp¯uorescence changes must precede the onset of steady-state ATP hydrolysis. For these reasons, we postulate the mechanism in Scheme 1 in which the steady-state rate of ATPase is activated only after the P 2 S dimer goes through the second conformational change (step 6 
Stopped-flow studies of mantADP binding to the P 2 S dimer
We performed the following experiments to probe the kinetics of ADP binding to P 2 S (step 14 in Scheme 1) and to examine whether ADP dissociation from one site of the P 2 S dimer is in¯u-enced by the binding and/or hydrolysis of nucleotide at the other ATPase site. For these experiments we used the¯uorescent analogue, mantADP (Hiratsuka, 1983) , since ADP binding to P 2 S does not affect Rep's Trp¯uorescence. We have shown previously that the binding of mant-ADP to the Rep monomer (P) can be monitored directly by¯uorescence energy transfer that occurs from Rep tryptophan residues to the mant moiety (Moore & Lohman, 1994a) .
When Rep P 2 S dimer (0.5 mM) is rapidly mixed with mantADP (1-35 mM) in the stopped-¯ow chamber and¯uorescence energy transfer from Trp to mant is monitored, an increase in mant¯uor-escence intensity is observed that is well described by a single exponential time course (Figure 9(a) ). The observed rate constant, k obs , increased linearly with [mantADP] (data not shown), from which we estimate an apparent bimolecular association rate constant, k À14 7.4(AE0.4) Â 10 6 M À1 s À1 and an apparent dissociation rate constant, k 14 95 (AE5) s À1 (K 14 k 14 /k À14 13(AE1) mM; see Scheme 2). The [mantADP] dependence of the equilibrium amplitude shown in Figure 9 (b) yields an independent estimate of K 14 14(AE2) mM, consistent with the ratio of the rate constants. No further change in mantADP¯uorescence intensity was observed after the initial binding transient (see below).
We next investigated whether the rate of mant-ADP dissociation from a P 2 S dimer is accelerated by the addition of ATP, which would provide evidence for the transient formation of a P 2 S-mant-ADP-ATP complex. When a pre-incubated mixture of P 2 S (0.5 mM) plus mantADP (10 mM) was then mixed in a stopped-¯ow experiment against varying concentrations of ATP (2-500 mM), an exponential decrease in mant¯uorescence intensity was observed (Figure 10 (3) with the rate constants shown in Table 2 .
A Two-site Mechanism for ATP Binding and Hydrolysis by a Rep Helicase Dimer from that obtained in the absence of ATP (95 (AE5) s À1 ). The results in Figure 10 can be explained by the simple mechanism in Scheme 4, which describes a one-step dissociation of mantADP (M), followed by ATP (T) binding to the same site on the P 2 S dimer. The dependence of k obs on [ATP] can be explained in terms of a kinetic partitioning of the P 2 S intermediate either forwards to form P 2 S-ATP (at a rate k 1 [T]) or backwards to re-bind mantADP (at a rate
, re-binding of the mantADP can occur and multiple rounds of mantADP dissociation are required before formation of the P 2 S-ATP complex. This leads to a slow macroscopic rate of mantADP dissociation. By analogy with the general expression for a twostep reaction (Johnson, 1992; Moore & Lohman, 1994a) 
At low [T], equation (3) reduces to equation (4) which is approximately equal to k À1 when k 14 4k À1 , while at high [T], k obs % k 14 :
The continuous lines in Figure 10 (b) are the best ®ts to equation (3) of the data at each [mantADP] , where k À14 7.4 Â 10 6 M À1 s À1 . The mean constant in the plateau region de®nes k 14 98(AE2) s À1 , while the best ®t of the data at 3, 10, and 20 mM mantADP yields k 1 7.6(AE0.3) Â 10 6 M À1 s À1 , and k À1 16(AE3) s À1 (the 1 mM mantADP data were not included since [P 2 S] % [mantADP]). From this we calculate K 1 4.8(AE1) Â 10 5 M
À1
. These data indicate that the dissociation rate of mantADP from P 2 S, k 14 % 100 s
, either in the absence or presence of added ATP. Therefore, if ATP does bind to a P 2 S-mantADP complex then mantADP dissociates at 100 s À1 from both P 2 SmantADP and P 2 S-mantADP-ATP. However, it is more likely that ATP does not have high af®nity for the un®lled nucleotide site of a P 2 S-ADP complex, and thus we only see ATP act as a direct competitor for mantADP binding. However, these results do not bear on whether ATP can in¯uence the rate of release of the tightly bound ADP-P i complex. In addition, it remains to be seen whether ATP binding/hydrolysis at the second site can in¯uence dissociation of ADP (or ADP-P i ) from the ®rst site if the second subunit is also bound to DNA as in a P 2 S 2 or P 2 SD complex.
Discussion
The studies reported here investigated the kinetic mechanism of ATP binding and hydrolysis by the P 2 S Rep dimer, which we believe to be one intermediate along the pathway for Rep-catalyzed DNA unwinding . Our previous studies have shown that the steady-state ATPase activities of the P 2 S dimer, as well as the PS monomer, are unaffected by covalent crosslinking of ssDNA to one subunit of the dimer . Furthermore, ATP hydrolysis by the P 2 S dimer does not affect the rate of dissociation of ssDNA Bjornson et al., 1996a) . This conclusion is supported by the results in Figure 1 , which show that the same steady-state rate of ATP turnover is obtained for the P 2 S dimer independent of the presence of excess Rep monomer. Therefore, the P 2 S dimer remains stable over the course of multiple rounds of ATP binding and hydrolysis. If the DNA or the dimer subunits were to dissociate during the course of ATP hydrolysis, the rate of reformation of the P 2 S dimer would become rate limiting under these conditions, resulting in a signi®cant reduction in ATPase activity, since the Rep monomers, P and PS, have much lower ATPase activities than does P 2 S. This, along with other data on DNA unwinding (Amaratunga & Lohman, 1993) , suggests that ATP hydrolysis by the P 2 S dimer is not coupled to either translocation along ssDNA or ssDNA dissociation. Rather, the major effect of ATP hydrolysis appears to be on the rate of ssDNA dissociation from the transiently formed P 2 S 2 dimer (Bjornson et al., 1996b) . This supports our hypothesis that the Rep dimer is functionally important for helicase translocation and that both subunits are required to bind DNA simultaneously, at least transiently during the translocation cycle. However, for the purposes of the current study, the P 2 S dimer formed with a short ss-oligodeoxynucleotide, can be treated as a stable species that neither dissociates into monomers nor dissociates from its DNA during ATP binding or hydrolysis.
A two-ATP site mechanism for ATP hydrolysis by the Rep P 2 S dimer bound to a short ss-oligodeoxynucleotide Since there is a potential ATPase site on each Rep subunit of the P 2 S dimer, there are multiple potential pathways for the binding and hydrolysis of ATP depending on the kinetic and thermodynamic coupling of the two sites. In this regard, Rep is similar to other multimeric``motor proteins'' such as kinesin (Moore & Lohman, 1995; Lohman et al., 1998) , the F 1 -ATPase (Boyer, 1993) and hexameric helicases (Hingorani et al., 1997) . Recent studies of the ATP-stimulated dissociation of ssDNA from the Rep P 2 S 2 dimer (Bjornson et al., 1996b) indicate the importance of both ATP sites in this process, although the mechanistic details have not been established. Similarly, studies of Rep P 2 S heterodimers containing one wild-type subunit and one ATPase-de®cient mutant subunit (Rep K28I) provide evidence that global communication between the two ATPase sites must precede steady-state ATP hydrolysis (Wong & Lohman, 1997) . In the same study, a tight-binding transitionstate ATPase inhibitor, ADP-AlF 4 , was used to selectively inhibit either subunit of the dimer while monitoring the ATPase activity of the other subunit. These experiments indicate that although both subunits of P 2 S dimer are catalytically active for ATP hydrolysis, the steady-state ATPase activity of P 2 S is dominated by the Rep subunit bound to ssDNA. Although the results of these experiments are compelling, the concern remained that using either single point mutants of Rep (K28I) or transition-state analogues may abnormally perturb the kinetics of ATP hydrolysis by the wild-type subunit. Furthermore, there is a fundamental inability to extend the results with ADPAlF 4 to the true ®rst ATP turnover event by the nucleotide-free dimer. Both of these issues appear to be resolved by the mechanistic studies reported here.
The experiments reported here have established that both ATP sites within the wild-type P 2 S dimer not only participate in ATP hydrolysis, but also communicate within the dimer. However, only one ATPase site dominates the steady-state ATPase activity of the P 2 S dimer. Scheme 5 represents the simplest (minimal) two ATP site mechanism that quantitatively explains Both the steady-state and pre-steady-state single turnover ATPase results, and semi-quantitatively explains the pre-steadystate multiple ATP turnover results. (Scheme 5 is the same as Scheme 1, but with the values of the rate constants in Table 2 indicated.) Scheme 5 consists of three parts. Pathway A describes the binding and hydrolysis of the ®rst ATP bound (to the DNA-free subunit) as it would occur under single turnover conditions such that only one ATP site is ®lled per P 2 S dimer. Pathway B describes the steady-state ATP turnover by one site (DNAbound subunit) of the P 2 S dimer, although we know little about the elementary rate constants in the steady-state pathway. Pathway C describes the binding and hydrolysis of the second ATP that leads into the steady-state turnover and thus links pathways A and B.
In Scheme 5 the ®rst ATP (T) binds to a high af®nity site on the DNA-free subunit (O), followed by a global conformational change of the complex (22 s
À1
) associated with Trp¯uorescence enhancement, followed by hydrolysis to form an ADP-P i intermediate, ( A Two-site Mechanism for ATP Binding and Hydrolysis by a Rep Helicase Dimer ceeds through a slow step (k 12 0.2-0.4 s À1 ) in pathway A leading to dissociation of P i and ADP to reform 0 S E. The slow step(s) in Scheme 3 with net rate constant, k slow 4 2 s À1 required to simulate the biphasic rate of the Trp¯uorescence changes may have contributions from k 12 .
We are most con®dent of the mechanism and the rate constants that we have determined for pathway A (Table 2) , which quantitatively describe all of the single turnover experiments. However, we have the least amount of information about the steps and the associated rate constants along pathway C. For this reason, Scheme 5 does not provide a quantitative description of the entire set of presteady-state ATPase or stopped-¯ow Trp¯uor-escence data obtained under multiple turnover conditions, especially at intermediate [ATP] (5-20 mM). Therefore, some important aspects of the mechanism are still missing from Scheme 5 re¯ect-ing steps describing the binding of the second ATP. Although we know that binding of the second ATP is not required for hydrolysis of the ®rst ATP, it is possible that binding of the second ATP might stimulate hydrolysis of the ®rst ATP.
Scheme 5 accounts for the following observations.
(1) A single ATP bound to the P 2 S dimer can be hydrolyzed in the absence of a second bound ATP. Hydrolysis is preceded by a global conformational change (step 2) associated with Trp¯uorescence enhancement.
(2) No``burst'' of ADP production is observed in a pre-steady-state multiple ATP turnover experiment, even though under single turnover conditions (pathway A), release of a tightly bound ADP-P i is limited by a slow isomerization (k 12 0.2-0.4 s À1 ) occurring after ATP hydrolysis. If only a single ATP site were active in the P 2 S Rep dimer, pathway A predicts that a clear burst of ADP formation should be observed in a multiple turnover experiment due to the slow step following ATP hydrolysis. This result implicates the binding of a second ATP under conditions of excess ATP. The fact that steady-state ATP turnover by P 2 S is much faster (16-18 s À1 ) than the slow step ($0.2-0.4 s À1 ) in pathway A provides further support for this conclusion. In buffer A at 4 C, under single turnover conditions where only one subunit is bound to ATP, the rate of ATP hydrolysis is comparable to the steady-state rate, since the ratelimiting step (step 2 at 22 s
) is similar in rate to the steady-state rate (17(AE2) s
) and thus is dif®-cult to differentiate from the steady-state ATPase rate. Since the slow relaxation out of the ( 0 S E ÀD-Pi )* state (step 12) occurs after ATP hydrolysis, it is not observed in a single turnover acid quench ATPase experiment.
(3) Only one K M is observed for steady-state ATP turnover by P 2 S, and a single ATP site model describes inhibition of the steady-state ATPase by both ADP and ATPgS. This is consistent with steady-state hydrolysis occurring only on the DNA-bound subunit within pathway B while the nucleotide site on the DNA-free subunit remains occupied by ADP-P i . Although our data provide clear evidence for communication between the two ATP sites, once the second ATPase site on the dimer is activated, then multiple cycles of ATP hydrolysis can proceed at this second site leading to the observed steady-state ATPase rate. Therefore, once steady-state hydrolysis is reached, ATP hydrolysis at the two sites is not tightly coupled. Wong & Lohman (1997) have presented evidence in support of a mechanism in which ATP hydrolysis at the two sites on the P 2 S dimer is not tightly coupled and that the ATPase site responsible for``steady-state'' turnover is in the subunit bound to ssDNA. Using the transition state analogue, ADP-AlF 4 À bound to a PS complex in which one subunit is cross-linked to (dT) 16 , it was shown that both subunits of a P 2 S dimer are capable of binding and hydrolyzing ATP. In fact, those studies (Wong & Lohman, 1997 ) suggest a possible answer to why our pre-steady-state multiple ATP turnover experiments do not show evidence for two ATPase sites at 4 C. P 2 S dimers were constructed in which one subunit was covalently cross-linked to ssDNA ((dT) 16 ) and where either one of the subunits was selectively complexed with the tight binding ATP transition-state analogue, ADP-AlF 4 . When ADP-AlF 4 À was bound to the DNA free Rep subunit (trans complex), the resulting steady-state ATPase activity was identical with that observed with non-crosslinked, uninhibited wild-type P 2 S dimer (18 s À1 ). However, when the ADP-AlF 4 À and ssDNA were both bound to the same subunit (cis complex), then a titratable burst of ATP hydrolysis was observed corresponding to a single turnover of ATP. This resulted from the fact that the net rate of release of ADP from the DNA-free subunit, and thus also the steady-state k cat , was limited by a conformational change occurring with a rate of $1.2 s À1 after ATP cleavage. Thus, steady-state ATP turnover by this subunit occurs only once for every 15 ATPs hydrolyzed by the ssDNA-bound subunit. However, the rate for the ®rst turnover of ATP on the DNA-free subunit is limited by an isomerization occurring at $22 s À1 , which is very similar to the steady-state rate of 16-18 s À1 for the ssDNA-bound ATPase site. Thus, no lag or burst of ADP production is observed in the pre-steady-state multiple ATP turnover studies with the wild-type P 2 S dimer.
Our stopped-¯ow studies have identi®ed two conformational changes in the P 2 S-nucleotide complex that can be monitored by changes in Rep Trp uorescence. The ®rst conformational change is coupled to binding of the ®rst ATP to form a P 2 S-ATP complex, occurring with a rate of 22 s À1 , determined at saturating [ATP] . Wong & Lohman (1997) also found evidence for a conformational change in a P 2 S-(ADP-AlF 4 ) complex occurring at the same rate of 22 s À1 and prior to ATP hydrolysis, when ADP-AlF 4 and ssDNA are bound to the same Rep subunit. The data presented here indicate that the same conformational change also occurs within the wild-type P 2 S dimer, suggesting strongly that the ®rst ATP binds to the DNA-free Rep subunit.
(4) Our observation of a slow conformational change occurring after mantATP hydrolysis (monitored by mant¯uorescence quenching) indicates formation of a long-lived ADP-P i complex. Wong & Lohman (1997) also inferred the existence of such a long-lived ADP-P i intermediate on the DNA-free subunit of the P 2 dimer when the DNAbound subunit was inhibited by tightly bound ADP-AlF 4 À . Under steady-state conditions, once ATP is depleted, there is a slow relaxation out of the steady-state pathway back into pathway A through step 11 to reform the intermediate with a single, tightly bound ADP-P i , before release of ADP and P i .
(5) Although we have evidence that the Rep P 2 S dimer has two functional ATPase sites that can both hydrolyze ATP and interact, our stoppedow¯uorescence experiments with mantADP, performed in the presence of ATP, provided no direct evidence for an ADP/ATP intermediate. A likely explanation for this based on Scheme 5 is that in the absence of formation of an ADP-P i complex, ATP has low af®nity for the second Rep subunit. Therefore, when only ADP is bound to P 2 S at the high af®nity site via step 14, ATP will compete directly with ADP for this site, thus showing apparent single-site behavior.
Our experiments suggest that hydrolysis of the ®rst ATP promotes binding of a second ATP, which then leads into the steady-state ATPase pathway. However, these data are consistent with either of two scenarios. Either only one subunit is involved in steady-state ATP turnover, or the two subunits somehow alternate in the binding and hydrolysis of ATP. We currently favor the former possibility (indicated in Scheme 5) based on our previous studies of the ATPase properties of P 2 S dimer in which one or the other subunit was selectively inhibited with the tight binding transitionstate analogue, ADP-AlF 4 À (Wong & Lohman, 1997) . The results of these previous studies with ADP-AlF 4 À bound selectively to the DNA-free subunit of the P 2 S dimer show that steady-state ATP hydrolysis can occur at the ATPase site on the DNA-bound Rep subunit with the same values of k cat and K M as measured for wild-type P 2 S, without release of ADP-AlF 4 À (Wong & Lohman, 1997) . These results support our hypothesis that ADP-P i remains bound to the DNA-free subunit during steady-state ATP hydrolysis, consistent with the steady-state ATPase being dominated by a single ATPase site.
Implications for the mechanism of Rep helicase translocation and DNA unwinding Although we have established a minimal twosite mechanism for the binding/hydrolysis and turnover of ATP by the P 2 S dimer (bound to a short ss-oligodeoxynucleotide), it must be recognized that the P 2 S Rep dimer is only one of several DNA-bound intermediates that have been proposed to occur along the pathway for Rep-catalyzed DNA unwinding . The other proposed intermediates are a P 2 SD dimer in which one subunit is bound to ssDNA and the other is bound to duplex DNA (or a ssduplex junction), and a P 2 S 2 dimer in which ssDNA is bound simultaneously to both subunits. Bjornson et al. (1996b Bjornson et al. ( , 1998 have previously shown that ssDNA binding to the un®lled subunit of a P 2 S dimer stimulates dissociation of the ssDNA bound initially, with ATP hydrolysis providing a further enhancement of the rate of ssDNA dissociation. This suggests a``subunit switching'' or``rolling'' mechanism in which the Rep dimer may translocate along DNA by alternating binding of DNA to the two subunits of the Rep dimer. Bjornson et al. (1996b) further showed that ATP must interact with both subunits in order to observe ATPase-dependent stimulation of ssDNA dissociation from the ®rst subunit. Based on this work, the binding of the second ssDNA probably occurs within pathway C or the steady-state ATPase cycle (pathway B). Since the kinetics of ssDNA binding to the P 2 S dimer suggests a subunit switching mechanism (Bjornson et al., 1996b) , it is likely that the ATPase properties of the two subunits also switch along with their DNA-ligation states. One possibility is that binding of DNA (ss or duplex) to the DNA-free subunit will increase the rate of dissociation of the ADP-P i that appears to be tightly bound to the DNA-free subunit of the Rep dimer. Similar mechanisms appear to operate during ATP-driven translocation along microtubules of the dimeric motor protein kinesin Hackney, 1994; Gilbert et al., 1998) , although for kinesin the coupling between ATP hydrolysis and translocation is very tight, approaching 1 ATP hydrolyzed per step (Hua et al., 1997; Schnitzer & Block, 1997) . Studies of the E. coli Rho protein, a hexameric RNA helicase (Geiselmann et al., 1993) , and studies of the ATPase mechanism of the hexameric phage T7 gene 4A DNA helicase (Hingorani et al., 1997) also suggest a similar subunit switching mechanism. Based on the mechanistic information provided by the current study, we can now being to test these proposals by examining the effects on the ATPase mechanism due to DNA binding to the second subunit of the Rep dimer.
Materials and Methods

Buffers and Rep protein
Buffers were made with reagent-grade chemicals using distilled water that was deionized using a Milli-Q system (Milliport Corp., Bedford, MA). Unless otherwise stated, all the experiments were performed in buffer A (20 mM Tris-HCl (pH 7.5) at 4 C, 6 mM NaCl, 5 mM MgCl 2 , 10 % (v/v) glycerol) at 4 C as in our previous studies of DNA (Wong et Samples from steady-state ATPase reactions were quenched after varying incubation times by mixing an aliquot (20 ml) with either 20 ml of 0.5 M Na 3 EDTA (pH 8.0) or with an acid quench (20 ml 10 % (v/v) HClO 4 followed by partial neutralization to pH 4.0 with 10 ml of 4 M NaCH 3 CO 2 ). In steady-state inhibition studies with ADP, NaP i , and ATPgS, the inhibitors were premixed with [a-32 P]ATP prior to the addition of the Rep-DNA complexes.
Chemical quenched-flow measurements of ATP hydrolysis
Single turnover and pre-steady-state kinetics of ATP hydrolysis were determined using a KinTek RQF-3 rapid chemical quenched-¯ow instrument (KinTek Instruments, University Park, PA). For each time point, the pre-formed Rep-DNA complex was loaded into one loop (45 ml) and the substrate [a-
32 P]ATP into the second loading loop (45 ml) of the apparatus. Both samples were maintained at 4 C in buffer A prior to loading and then incubated for a further four minutes at 4 C within the sample loops prior to mixing. For acid quench experiments, ATPase reactions (®nal volume 90 ml) were quenched with 200 ml of 1 M HCl and rapidly expelled from the instrument into 45 ml of 2.5 M NaOH, 0.5 M Tris base, 0.5 M Na 3 EDTA, and analyzed for [a- 32 P]ADP by TLC as described (Wong & Lohman, 1997 
Mant nucleotide hydrolysis kinetics
The kinetics of mantATP and ATPgS hydrolysis were monitored by strong anion exchange (SAX) HPLC (Moore & Lohman, 1994a; Woodward et al., 1991) . Samples of the ATPgSase and mantATPase reaction mixtures (50 ml) were quenched with 50 ml of 10 % (v/v) HClO 4 and rapidly adjusted pH 4 with 25 ml of 4 M NaCH 3 CO 2 . After centrifugation through a 10 kDa cutoff ultra®ltration membrane to remove protein, the ®l-trate (100 ml) was diluted 1:1 (v/v) with HPLC buffer (0.5 M (NH 4 ) 2 HPO 4 (pH 4.0 with HCl) containing 20 % (v/v) methanol). Samples were analyzed by HPLC on a Whatman Partisil 10 SAX column (250 mm Â 4.6 mm) eluting isocratically at 1 ml min
À1
. The eluent was monitored with a Waters 740¯uorescence detector (for mant-ATP, l ex 366 nm, l em 422 nm) or with a Waters 484 spectrophotometer (for ATPgS, l 256 nm) interfaced to a Waters 484 integrator.
Stopped-flow kinetics
A model !SX17MV stopped-¯ow spectro¯uorometer (Applied Photophysics Ltd Leatherhead, UK) ®tted with a 150 W Xe arc lamp was used for rapid kinetic measurements. Rep protein tryptophan¯uorescence was excited at 290 nm (0.1-2 mm slits). When using parent adenine nucleotides,¯uorescence emission from Trp residues was monitored using a Schott 320 nm cut-on ®lter, while for¯uorescence energy transfer studies (exciting Trp and observing mant nucleotide¯uorescence; Moore & Lohman, 1994a) , a 420 nm cut-on ®lter (Oriel Inc., catalog number 51280) was used to detect sensitized mant nucleotide¯uorescence. An instrumental time constant, which was maintained at <1 % of the exponential halftime of the fastest reaction, was used.
Data analysis
Steady-state ATPase time courses were analyzed using the KINSIM and FITSIM kinetic simulation and ®t-ting programs (Barshop et al., 1983; Zimmerle & Frieden, 1989) provided by Dr C. Frieden (Washington University, St. Louis, MO). Stopped-¯ow transients were analyzed using the non-linear least-squares ®tting routines supplied by Applied Photophysics to determine the exponential rate constants and amplitudes. These kinetic data were also analyzed using the KINSIM and FITSIM kinetic simulation programs as described (Moore & Lohman, 1994b) .
